In recent years, some of the ramifications of the ocean acidification problematic derived 18 from the anthropogenic rising of atmospheric CO 2 have been widely studied. In 19 particular, the potential effects of a lowering pH on tropical coral reefs have received 20 special attention. However, only a few studies have focused on testing the effects of 21 ocean acidification in corals from the Mediterranean Sea, despite the fact that this basin 22 is especially sensitive to increasing atmospheric CO 2 . In this context, we investigated 23 the response to ocean acidification of the two zooxanthellate coral species capable of 24 constituting the main framework of the community, the endemic Cladocora caespitosa 25 and the non-native Oculina patagonica. To this end, we examined the response of both 26 species to pCO 2 concentrations expected by the end of the century, 800 ppm, vs the 27 present levels. Calcification rate measurements after 92 days of exposure to low pH 28 conditions showed the same negative response in both species, a decrease of 32 -35% 29 compared to corals reared under control conditions. In addition, we detected in both 30 species a correlation between the calcification rate of colonies in control conditions and 31 the degree of impairment of the same colonies at low pH. Independent of species, faster 32 growing colonies were more affected by decreased pH. After this period of decreased 33 pH, we conducted a recovery experiment, in which corals reared in the acidic treatment 34 were brought back to control conditions. In this case, normal calcification rates were 35 reached in both species. Overall, our results suggest that O. patagonica and C. 36 caespitosa will both be affected detrimentally by progressive ocean acidification in the 37 near future. They do not display differences in response between native and non-native 38 species but do manifest differential responses depending on calcification rate, pointing 39 3 to a role of the coral genetics in determining the response of corals to ocean 40 acidification. 41 42
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Introduction 45 46
A significant fraction of the anthropogenic CO 2 released to the atmosphere is 47 being absorbed by the oceans (Canadell et al., 2007; Sabine et al., 2004) , causing 48 unprecedented changes in its chemical state and alterations in the physiology of a wide 49 variety of marine organisms (Pelejero et al., 2010) . Models predict that ocean pH will 50 decrease by 0.3 to 0.4 pH units by the end of the century (Caldeira and Wickett, 2003) . 51
52
In the Mediterranean Sea, the level of acidification is still poorly known, but 53 certain characteristics of this semi-enclosed sea makes it especially sensitive to 54 increasing atmospheric CO 2 (Calvo et al., 2011) . On one hand, the high levels of total 55 alkalinity (Schneider et al., 2007) increase its capacity to absorb large amounts of 56 anthropogenic CO 2 compared with the open ocean (Goyet et al., 2009 ). On the other 57 hand, the shorter residence time of deep waters (Bethoux et al., 2005 ) implies a more 58 rapid penetration of anthropogenic CO 2 . In agreement with the expected outcome of 59 these characteristics, a first estimate indicates a pH decrease of up to 0.14 units since the 60 pre-industrial era affecting the entire water column, with the largest effects observed in 61 the western Mediterranean basin (Touratier and Goyet, 2011 ). This change is larger than 62 the mean decrease of ~0.10 pH units for surface waters of the world's oceans over this 63 period (Orr et al., 2005) . Thus, the Mediterranean Sea seems to be among the world 64 regions that are being most rapidly impacted by acidification. In this environmental 65 framework, already under pressure by other anthropogenic stressors [e.g. (Calvo et al., 66 2011)], it is essential to evaluate the potential consequences of acidification on marine 67 organisms. colonies from each species, carefully cleaned of encrusting organisms and sediment and 147 glued onto labeled methacrylate holders with an inert mastic compound. The buoyant 148 weight of each nubbin was carefully measured before gluing to be able to subtract the 149 holder and glue weight from the total weight measurements (see below). Temperature at 150 the acclimation tank was increased gradually (0.4°C per day) up to 20°C (simulating 151 mean summer conditions at the area of collection) over a two weeks period and 152 maintained for one further week before the beginning of the experiment. 153 154
Experimental setup and carbonate system manipulation 155 156
We implemented a pH-manipulative experimental system following the 157 experimental design described by Reynaud et al. (2003) (Fig. 1) . Seawater was 158 continuously supplied to two 150 L tanks and pH was adjusted to values of ~8.09 and 159 ~7.83 units (total scale) simulating, respectively, current and future pH levels predicted 160 for year 2100 following A2 IPCC SRES (Plattner et al., 2008) . These pH levels 161 correspond to Mediterranean seawater in equilibrium with an atmosphere of ~390 ppm 162 CO 2 for the high pH condition, and ~800 ppm CO 2 for the low pH treatment (Table 1) . 163
In the two large tanks, we bubbled CO 2 (99.9% purity) or CO 2 -free air (using a home-164 made filter filled with soda lime, Sigma Aldrich) to either reduce or increase pH, 165 respectively. Seawater pH was monitored continuously by glass electrodes (LL 166
Ecotrode plus -Metrohm) connected to a pH controller (Consort R305, Topac Inc., 167 USA), which automatically opened and closed the solenoid valves of CO 2 or CO 2 -free 168 air when needed. To avoid drifts in the pH measurements, glass electrodes were 169 calibrated on a daily basis with a Tris buffer, following standard procedures (SOP6a of 170 Dickson et al., 2007) . Water from every large tank was continuously transferred to two 171 replicate 25 L methacrylate experimental aquaria where the corals were maintained. 172
Seawater renewal rate in these aquaria was 10 times per day, and seawater was 173 continuously mixed with HYDOR Koralia pumps (4.5W, 1500 L h -1 ). The aquaria were 174 covered with a methacrylate wrap to reduce evaporation and minimize surface-air gas 175 exchange. Two HQI-lamps (T5 ATI Aquablue Special 4x24W), running on a 12:12 176 light:dark cycle, were adjusted to the required irradiance with a plastic grey mesh. After this period, we initiated the recovery experiment in which we gradually raised the 191 pH of the experimental acidified aquaria to match the conditions of the control aquaria 192 while maintaining the control aquaria as before (Fig. 2) and atmospheric CO 2 concentration in equilibrium, using the CO2calc software 210 (Robbins et al., 2010) , with dissociation constants for carbonate determined by 211 Mehrbach et al. (1973) and refit by Dickson and Millero (1987) . Chemical and physical 212 conditions of both treatments during the experiment are shown in Table 1 . the beginning of the acidification experiment and after the exposure to the control and 235 low pH treatment conditions by means of a jet of re-circulated filtered seawater using an 236 oral irrigator (WaterPik™). The resulting slurry was homogenized with a glass pestle 237 and the volume of the homogenate was recorded (~10 mL). Density of symbiotic 238 dinoflagellates was determined by using 5 replicate counts on a haemocytometer 239 (Neubauer chamber) using a Zeiss standard microscope. Algal size was recorded for 15-240 20 cells in each sample. After correcting for homogenate volume, the density of 241 symbiotic dinoflagellates was normalized to skeletal surface area, which was calculated 242 by using the aluminium foil technique (Marsh, 1970) . 243 244
Scanning Electron Microscope (SEM) images of coral skeletons 245 246
Only samples of C. caespitosa were analyzed by Scanning Electron Microscope. 247
Three nubbins were randomly selected from each treatment and covered with a thin 248 layer of gold-palladium (<200 Å) for morphology and microstructure SEM 249 observations. A SEM Hitachi S3500N, working at 5 kV, was used. Observations 250 focused on the amount and size of the septal flank spines. 251 252
Statistical analyses 253 254
The effect of both experiments (i.e., the acidification experiment -conducted 255 over the first 92 days-, and the recovery experiment -conducted from day 92 to day 256 216) was examined separately for each species. For the acidification experiment, a two-257 way nested ANOVA was used for each species to examine whether calcification rate 258 varied between treatment (i.e., exposure to low pH conditions and exposure to current 259 pH conditions) and aquaria. Aquarium was considered as a random factor nested within 260 treatment. A two-way ANOVA was also used to examine whether calcification rate 261 varied between both species and aquaria in control conditions after 92 days of 262 experiment. For the recovery experiment, a two-way nested ANOVA was used for each 263 species to examine whether calcification rate varied between treatment (i.e., exposure to 264 current pH conditions of colonies previously exposed to low pH and exposure to current 265 pH conditions of colonies previously exposed to current pH conditions) and aquaria. 266
Aquarium was considered as a random factor nested within treatment. Normality 267 (Kolmogorov-Smirnov test) and heterocedasticity (Cochran's test) of both species 268 growth data were assessed after arctan-transformation. Calcification rate results are 269 13 expressed as mean ± standard error of the mean (SE). Non-parametric Kruskal-Wallis 270 ANOVA was used to examine differences between both treatments from the 271 acidification experiment in the abundance and size of symbionts. These statistical 272 analyses were performed using the software package Statistica 6.0 (StatSoft,
Seawater chemistry 277 278
Our experimental set-up allowed a precise adjustment of the selected pH 279 conditions, which were maintained during the first three months at 8.09 ± 0.01 and 7.83 280 ± 0.02 pH units for the control and acidified pH treatment, respectively (Table 1 ; Fig.  281 2). Total alkalinity values remained constant in both treatments (2534 ± 11 and 2539 ± 9 282 µmol kg -1 for the control and acidified pH treatment, respectively) throughout the entire 283 experiment. The average calculated Ω A and FCO 2 (mole fraction of CO 2 in dry air) for 284 the control pH treatment were 3.6 and 390 ppm, respectively. In the acidified treatment, 285 these values changed to 2.1 and 800 ppm, respectively. Average values of other 286 parameters of the carbonate system are summarized in Table 1. Temperature and  287 salinity were constant throughout the whole experiment (20.0 ± 0.6 ºC and 37.4 ± 0.2, 288 respectively). 289 290
Effects of low pH on coral calcification rates 291 292
Significant differences were observed between the calcification rates of the two 293 species reared under control conditions after 92 days of experiment (Table 2) , being 294 37% higher in O. patagonica than in C. caespitosa (Fig. 3a) . The effect of the low pH 295 treatment was similar; both species showed a significant decrease in average 296 calcification rate compared to control conditions: 32% lower for O. patagonica and 297 35% lower for C. caespitosa (Table 2, Fig. 3a) . At the end of the acidification period the 298 decrease in skeletal growth rate exhibited by both species was similar and no significant 299 differences were observed between them ( Table 2 ). The survivorship in each treatment 300 was 100% and no tank effect was detected between aquaria replicates of the same 301 treatment in any analysis. 302
303
On the basis of the absence of differences between duplicate aquaria, we 304 calculated the effect of low pH on the skeletal growth (difference in growth between the 305 control and the low pH treatments) of each of the 10 distinct coral colonies used in the 306 experiments. As previously described, each colony was split in five and distributed 307 among the 2 treatments (4 aquaria). A one-way ANOVA was performed to examine 308 whether the effect of exposure to low pH differed between the two species. We 309 observed that the decrease in calcification rates at the end of the acidification 310 experiment was similar for both species (Table 2) . However, when the mean growth 311 reduction of each colony from both species in the acidified experiment (after 92 days) 312 was compared with the average growth rate of the same colony in control conditions 313 (Fig. 4) , an interesting pattern arose: colonies exhibiting faster growth rates were more 314 affected by the decreased pH. 315
316
The difference in O. patagonica calcification between the treatment and control 317 exposure exhibited a large spread of responses among the colonies during the first 318 month, which later progressively diminished (i.e., there was a reduction of the variance 319 along the length of the experiment, Fig. 5 ). The previously observed pattern of a larger 320 detrimental effect of acidification on coral colonies that grew faster (Fig. 4) is 321 contributing to this trend, because it causes an attenuation of the differences between the 322 growth rate of the colonies over time. Although the same effect is observed in C. 323 caespitosa (Fig. 4) , the slow growth rate of this coral species prevents measurement of a 324 clear reduction of the variance over time (Fig. 5) . This observation highlights the 325 importance of running experiments long enough to assess more realistically the effect of 326 these environmental perturbations. 327 328 During the recovery experiment, the nubbins of O. patagonica and C. caespitosa 329 grown under low pH conditions gradually recovered after being returned to the current 330 pH conditions of the control treatment. At the end of the recovery experiment (216 331 days), no significant differences in overall mean calcification rate were detected 332 between the nubbins in control and those in recovered conditions for both species 333 (Table 2, Fig. 3b ). The recovery potential showed by both species was similar and no 334 significant differences were detected between them (Table 2) . Encouraged by the 335 absence of aquaria effect, we then calculated the difference in skeletal growth between 336 the control and recovery treatments for each of the 10 distinct coral colonies used in the 337 experiment. At the end of the recovery experiment (216 days), we did not observe a 338 significant variation in skeletal growth rate of the treatment colonies with respect to 339 control between both species. In addition, the recovery experiment did not exhibit any 340 significant relationship between the average calcification rate of each colony exposed to 341 the recovery treatment and that of the same colony exposed to the control conditions (R under different pH treatments, showed a dissociation of the colony form and complete 384 skeleton dissolution when exposed to seawater pH of 7.3 -7.6. However, differences in 385 the low pH treatment between Fine and Tchernov's (2007) study and ours are 386 substantial, preventing an exact comparison of both works. First, the pH in the acidified 387 treatment was lower in the earlier study (pH ~7.4) than in our experiment (pH ~7.83), in 388 which our goal was to mimic realistic projections for the year 2100. In addition, the pH 389 adjustment in Fine and Tchernov's (2007) experiment was performed by adding HCl 390 (reducing alkalinity) whereas, in our case, we bubbled CO 2 (maintaining alkalinity 391 constant), a method that provides a more realistic approach. In any case, despite the 392 differences between the studies, our results, together with those from Fine treatments were detected at high magnification (Fig. 7e, f) . Only slight differences were 423 observed at a lower magnification; distal ends of some of the septa displayed a thinner 424 and sharper appearance in the colonies reared under acidic conditions, while the size of 425 the septal dentation was apparently smaller (Fig. 7a-d) . The lack of evidences for 426 dissolution (e.g. disordered aragonite crystals) is probably related to the fact that, over 427 the course of the study, the skeleton of C. caespitosa was never exposed to the corrosive 428 effects of aragonite-undersaturated waters. This suggests that the decrease in net 429 calcification observed in our experiment was more related to decreased calcification rate 430 than to dissolution. skeleton and with a zooxanthellae density and size comparable between colonies from 497 both treatments, Fig. 6a, b ) also suggest that differences in health did not modulate 498 natural variability in growth. A recent study has reported a similar correlation in the 499 temperate coral Astrangia poculata (Holcomb et al., 2012) , with fast growers being the 500 more affected by a lowering in pH. In that case, intercolonial growth variability was 501 related to gender, with a larger effect of acidification in females during the spawning 502 season, and little or no effect on non-breeding males and females. In our experiment, the 503 gender of the colonies was not determined, so we cannot discount such an effect in 504 modulating coral growth. However, as mentioned above, gender is just one among the 505 many factors contributing to the high natural variability commonly observed 506 (Buddemeier and Kinzie, 1976) . 507 508 Given the unlikeliness of strong influences from most of the factors discussed 509 above, we suggest that intraspecific genetic variability could be key in explaining the 510 wide variety of responses observed in our studied coral colonies. Thus, coral colonies 511 that have a genetically-determined ability to grow rapidly will be more sensitive to a 512 lowering in pH. The corals that grow faster should also have greater energetic 513 requirements for modulating pH at the site of calcification and, when subjected to more 514 corrosive conditions, may be the first to exhibit a negative response to this pressure. recovery experiment could also be taken as an analog for these naturally occurring 536 transitions. A similar study performed on O. patagonica showed rapid recovery after 537 increasing pH to control conditions (Fine and Tchernov, 2007) , but this is the first 538 attempt to assess such recovery potential in an endemic Mediterranean species such as 539 C. caespitosa. Interestingly, this endemic species showed a recovery very similar to that 540 of the alien species O. patagonica. Furthermore, and in contrast to the acidification 541 experiment, in which the colonies that grew faster were most affected by acidification 542 (Fig. 4) , no trend was detected through the recovery stage, so the recovery took place 543 independent of colony growth. 544
545
The recovery potential shown by O. patagonica in this experiment is in 546 agreement with the only study published so far evaluating the resilience of this species 547 after an acidification event (Fine and Tchernov, 2007) . These authors observed that 548 despite the complete skeleton dissolution of the O. patagonica polyps, they maintained 549 their symbionts and normal gametogenesis during the low pH treatment. When 550 transferred back to ambient pH conditions, colonies reformed, showing high plasticity 551 and acclimation capacity. A decrease in the growth rate under acidic conditions and a 552 subsequent recovery after return to normal conditions has also been observed in tropical 553 corals (Marubini and Atkinson, 1999) . This supports the existence of certain degrees of 554 reversibility in the effects of ocean acidification in corals, if levels of pH rise back to 555 normal conditions. There is the possibility that this capacity to recover is a result of 556 evolutionary adaptation to the natural oscillations in seawater chemistry that are 557 ubiquitous in the oceans. during the early stages of anthropogenic ocean acidification, similar natural cycles will 563 be superimposed on the general trend of decreasing pH. In this sense, the observed 564 capacity of these species to recover in the framework of natural cycles would probably 565 mitigate the effects of acidification in corals, which will benefit intermittently from 566 periods when pH will be brought back towards the more basic conditions that they 567 prefer. However, as global ocean acidification evolves, these reinvigorating periods for 568 corals will become shorter and shorter, eventually disappearing as the full range of pH 569 changes shifts away from preindustrial values [e.g. (Friedrich et al., 2012) ]. Even 570 though the resilience showed by certain species of corals could improve their survival 571 capacity for the coming years, this could be counteracted by the combined effect of 572 ocean acidification and other global and regional pressures such as warming, 573 overfishing, high sedimentation rates (due to land use changes) and nutrient enrichment 574 in coastal areas, all leading to a future that will likely be bleak for corals [e.g. low pH-driven decrease of up to 35% was detected in the calcification rates of both 582 species compared to control conditions. In contrast, acidification caused no apparent 583 effect on coral-associated zooxanthellae or in the coral skeleton microstructure. We also 584 found a high intraspecific variability in the response to acidification among different 585 colonies, with the fastest growing organisms displaying the greatest sensitivity. This 586 suggests an important role for energy consuming constraints in modulating the effects 587 of ocean acidification in corals. In addition, these results highlight the importance of 588 future studies targeting genetic variability to better understand the observed differential 589 intercolonial response. 590 591 This study also assesses, for the first time, the recovery potential of an endemic 592
Mediterranean coral species after an acidification event, with results that suggest a 593 gradual recovery similar to that of the alien species used as comparison. This points 594 towards a certain degree of acclimation capacity of these species to periodic pH 595 oscillations, although the energy demands could eventually be detrimental to the 596 organism's ability to fulfill other important physiological or reproductive processes. 597
Considering that the projected progressive warming of seawater might lead to higher 598 metabolism rates and lower prey availability due to longer stratification periods, the 599 survival threshold of these coral species could be exceeded sooner than expected under 600 the influence of single stressors. Table 1 . Parameters of the seawater carbonate system in each treatment. Total alkalinity, pH T , salinity and temperature were used to calculate all the other parameters using the CO2calc software (USGS). For the four measured parameters we report the values as mean ± standard deviation (SD) and range (in brackets). All other calculated parameters are expressed as mean ± SD. n = 12 and 6 for the control and high-CO 2 treatment, respectively. 
Measured parameters

